Particles with tailored geometries have received significant attention due to their specific interactions with biological systems. In this work, we examine the effect of polymer capsule shape on cytokine secretion by human monocyte-derived macrophages. Poly(methacrylic acid) (PMA SH ) polymer capsules with different shapes (spherical, short rod-shaped, and long rod-shaped) were prepared by layer-by-layer assembly. The effect of PMA SH capsule shape on cellular uptake and cytokine secretion by macrophages differentiated from THP-1 monocytes (dTHP-1) was investigated. PMA SH capsules with different shapes were internalized to a similar extent in dTHP-1 cells. However, cytokine secretion was influenced by capsule geometry: short rod-shaped PMA SH capsules promoted a stronger increase in TNF-ɑ and IL-8 secretion compared with spherical (1.7-fold in TNF-ɑ and 2.1-fold in IL-8) and long rod-shaped (2.8-fold in TNF-ɑ and 2.0-fold in IL-8) PMA SH capsules in dTHP-1 cells. Our results indicate that the immunological response based on the release of cytokines is influenced by the shape of the polymer capsules, which could be potentially exploited in the rational design of particle carriers for vaccine delivery.
INTRODUCTION
Over the past decade, synthetic particles have received significant attention in vaccinology, either as delivery systems to improve antigen processing or as immunostimulators to activate immunity. [1] [2] [3] Various engineered particles, including virus-like particles, 4 lipid particles, 5 inorganic particles, 6 and polymeric particles, 7 have shown different immune-modulatory activities (including inflammation-related cytokine secretion), which subsequently regulate immunological responses. Polymer capsules fabricated through layer-by-layer (LbL) assembly on template particles are regarded as promising candidates for vaccine delivery due to their multifunctional surface chemistries, controllable and tunable morphology, and cargo loading/release properties. [8] [9] [10] We previously reported the loading of oligopeptide vaccines into LbL polymer capsules and demonstrated the delivery of functionally active cargo to antigen presenting cells to stimulate immune responses. 11 In addition, ovalbumin (OVA)
proteins/peptides encapsulated in polymer capsules were shown to stimulate T cell immunity more effectively than OVA protein administered alone, which highlights the in vivo potential of polymer-based vaccine delivery technologies. 12 These studies demonstrate the potential application of polymer capsules for effective vaccine delivery and vaccine adjuvants that boost immunogenicity. Hence, elucidating the fundamental effect of polymer capsule physicochemical properties on the immunological response is essential for their further development in vaccinology.
Physicochemical properties, including size, 13, 14 shape, 15 ligand density, 16 surface charge 17 and rigidity, 18, 19 are recognized as important parameters that govern the behavior of micro-/nanoparticles in the biological domain. 20 Particle shape has recently been emphasized as a key parameter that influences cellular uptake in different cell lines. 21, 22 For example, HeLa cells showed shape-dependent cellular uptake, where spherical gold nanoparticles (D = 14 nm or 74 nm) were internalized to a greater extent than rod-shaped nanoparticles (74 × 14 nm). 23 In contrast, mesoporous silica nanoparticles showed a reverse trend, with rod-shaped particles (450 × 110 nm) more efficiently internalized by human melanoma cells compared to spherical particles (D = 100 nm). 24 Recently, we synthesized rod-shaped polymer capsules with different aspect ratios (AR [1] [2] [3] [4] and demonstrated that their cellular uptake by HeLa cells became slower with increasing AR. 25 The differences in the cellular endocytic pathway in different cell lines may dictate the type of interaction between particles and cells. Therefore, the effect of particle shape on cellular uptake is expected to be a broad interplay of particle geometry and surface chemistry, as well as the type of cell being investigated. 26 Beyond the effect of particle shape on cellular uptake, there are few reports on the effect of particle shape on immunological responses, although this factor is critical for both in vitro and in vivo applications. 30 Briefly , with NaOAc buffer (50 mM, pH 4) to the desired concentration prior to LbL assembly.
Fabrication of PMA SH Capsules. 5 mg of SiO 2 particles (spherical, short rod-and long rodshaped particles) were washed three times by vortexing for 1 min, followed by centrifugation at 1000 g for 2 min and redispersion in NaOAc buffer (50 mM, pH 4). The particles were then resuspended in 50 µL NaOAc buffer by vortexing and sonication for 5 min. PVPON solution (50 µL at 4 g L -1 in 50 mM NaOAc buffer) was subsequently added to the SiO 2 particle suspension, followed by mixing for 10 min to allow for polymer adsorption. After incubation, the polymercoated particles were washed by three cycles of centrifugation (1000 g for 2 min) and redispersion in NaOAc buffer, and finally resuspended in 50 µL NaOAc buffer. PMA SH solution (50 µL at 4 g L -1 in 50 mM NaOAc buffer) was then added to the PVPON-coated particles and incubated for 10 min. The particles were washed as described above and resuspended in 50 µL NaOAc buffer. The sequential adsorption of PVPON and PMA SH was repeated until 4 bilayers ((PVPON/PMA SH ) 4 ) were deposited on the particles. The PMA layers were crosslinked through the formation of disulfide bonds. Briefly, the polymer-coated particles were exposed to 2. were observed for spherical capsules, short rod-shaped capsules and long rod-shaped capsules, respectively ( Figure 3 , A-C). Despite the slight differences in the cellular internalization of different capsules by dTHP-1 cells, these differences are not sufficiently significant to suggest that internalization is capsule shape dependent. Cytokine Secretion. Cytokines are inflammatory mediators produced during an immunological response. 32 An increase in the release of cytokines indicates that the immune system is stimulated. 33 A previous study reported that gold nanoparticles could induce the production of different kinds of cytokines at different levels in dendritic cells, depending on the shape of the nanoparticles. 6 Therefore, we sought to examine whether the shape of PMA SH capsules is a factor in mediating the inflammatory immune response of macrophages. The endotoxin level, which could contaminate samples and result in misleading inflammatory cytokine responses, was detected to be negligible (less than 0.05 EU/mL) for all the capsule samples. dTHP-1 cells were incubated with PMA SH capsules at different capsule-to-cell ratios (0, 25, 50 and 100) for 24 h at 37 ˚C. The supernatants were collected and the levels of induced inflammatory cytokine (IL-1β, IL-6, IL-8, IL-18, TNF-ɑ, and interferon gamma (IFN-γ)) were then examined by enzyme-linked immunosorbent assays. Our results show that significant changes in cytokine induction were observed mainly in dTHP-1 cells after treatment with PMA SH capsules at a 100:1 capsule-to-cell ratio ( Figure 4 ). This is in agreement with our previous study that dTHP-1 cells secreted higher levels of cytokines than monocytic THP-1 cells after exposure to PMA SH nanoporous particles. 29 Meanwhile, it is notable that short rod-shaped PMA SH capsules promoted a stronger increase in TNF-ɑ ( Figure 4A ) and IL-8 secretion ( Figure   4B ) compared with spherical (1.7-fold in TNF-ɑ and 2.1-fold in IL-8, **p < 0.005) and long rod- Further, the expression levels of other inflammatory cytokines, IL-1β, IL-6, IL-18 and IFN-γ, were also observed from dTHP-1 cells ( Figure S6 ). Interestingly, our results show no significant difference in the production of these cytokines when different-shaped capsules with the same capsule-to-cell ratio are used, indicating that the shape of PMA SH capsules has a negligible impact on inducing these particular cytokines. The possible explanation is that the immune response is mediated via different cytokine pathways depending on particle shape, a funding which is also proposed by a previous study in of the case of gold nanoparticles with different shapes. 6 Due to the complexity of immune responses to external particles, 36 elucidation of the exact mechanism for the effect of polymer capsule shape on cytokine secretion requires further study. 
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